A 5.4-kDa antifungal peptide, with an N-terminal sequence highly homologous to defensins and inhibitory activity against Mycosphaerella arachidicola (IC 50 5 3 mM), Setospaeria turcica and Bipolaris maydis, was isolated from the seeds of Phaseolus vulgaris cv. brown kidney bean. The peptide was purified by employing a protocol that entailed adsorption on Affi-gel blue gel and Mono S and finally gel filtration on Superdex 75. The antifungal activity of the peptide against M. arachidicola was stable in the pH range 3 -12 and in the temperature range 08 8 8 8 8C to 808 8 8 8 8C. There was a slight reduction of the antifungal activity at pH 2 and 13, and the activity was indiscernible at pH 0, 1, and 14. The activity at 908 8 8 8 8C and 1008 8 8 8 8C was slightly diminished. Deposition of Congo red at the hyphal tips of M. arachidicola was induced by the peptide indicating inhibition of hyphal growth. The lack of antiproliferative activity of brown kidney bean antifungal peptide toward tumor cells, in contrast to the presence of such activity of other antifungal peptides, indicates that different domains are responsible for the antifungal and antiproliferative activities.
Introduction
Fungal pathogens cause diseases in humans and plants. In view of the development of fungal resistance toward existing pathogenic fungi, researchers have dedicated their efforts in searching for antifungal agents. Diverse organisms including humans, other mammals, sub-mammalian vertebrates, invertebrates, plants, fungi, and bacteria have been shown to produce antifungal proteins to combat pathogenic fungi [1] .
Many different types of antifungal proteins are known to be produced by plants. They comprise thaumatin-like proteins [2] , chitinases [3] , chitinase-like proteins [4] , glucanases [5, 6] , cyclophilin-like proteins [7] , lipid-transfer proteins [8, 9] , protease inhibitors [10, 11] , ribonucleases [12] , ribosome inactivating proteins [13, 14] , peroxidases [15, 16] , lectins/hemagglutinins [17, 18] , and defensins/ defensin-like peptides [19, 20] . Plant defensins are small, basic peptides with 45-55 amino acids. Defensins are found in various types of plant tissues including leaves [21] , seeds [19] , tubers [22] , flowers [23] , as well as fruits [24] . They exert a variety of biological activities against pathogens, including anti-proliferative, HIV-1 reverse transcriptase inhibitory [25] , anti-fungal [26] , anti-bacterial [27] , protein translation inhibitory [28] , and enzyme inhibitory [29] activities. Transgenic plants over-expressing antifungal proteins exhibit increased resistance against fungal pathogens [24] . This represents a possible application of antifungal proteins in agriculture to increase crop yield.
It has been reported that the aforementioned diversity of plant antifungal proteins could be isolated by adsorption on Affi-gel blue gel and cationic exchangers and nonadsorption on anionic exchangers [30, 31] . Since the protein extract from brown kidney beans (Phaseolus vulgaris cv. brown kidney bean) exhibited potent antifungal activity toward several fungal species and the type of antifungal protein present in the brown kidney beans was not known, we undertook the present study to purify the antifungal protein in brown kidney bean using previously published chromatographic procedures [30, 31] and identified it to be a defensin-like peptide.
Although other Phaseolus defensins have been identified previously, it was observed that different defensins exert their biological actions with different potencies [32] . Hence, we have also characterized the antifungal peptide from the brown kidney beans, and compared it with defensins from other cultivars of P. vulgaris and other Phaseolus species.
Materials and Methods
Purification of brown kidney bean antifungal peptide Dried brown kidney beans (60 g) were soaked in water overnight. The beans were homogenized in 600 ml water using a blender. The slurry was centrifuged at 30,000 g for 25 min at 48C. The supernatant was collected, and then 3 ml of 2 M Tris-HCl buffer ( pH 7.6) and 6 ml of 100 mM phenylmethanesulfonyl fluoride (PMSF) were added before centrifugation again under the same conditions. The resulting supernatant was collected as the crude extract of brown kidney beans.
The crude extract was loaded onto an Affi-gel blue gel (5 Â 18 cm) column (Bio-Rad, Hercules, USA) equilibrated with 10 mM Tris-HCl buffer ( pH 7.6). After elution of unadsorbed materials, the column was eluted with 1 M NaCl in 10 mM of Tris-HCl buffer ( pH 7.6). The adsorbed materials were dialyzed and lyophilized, and then subjected to cation exchange chromatography on a Mono S column (GE Healthcare, Waukesha, USA) in 10 mM NH 4 OAc buffer ( pH 4.6) by fast protein liquid chromatography (FPLC) using an AKTA purifier (GE Healthcare). The adsorbed materials were eluted with a NaCl gradient (0 -1 M). Fraction with antifungal activity was collected for FPLC-gel filtration using a Superdex 75 HR 10/300 column (GE Healthcare) in 10 mM Tris-HCl buffer ( pH 7.6). The fraction with antifungal activity eluted from the column contained the purified brown kidney bean antifungal peptide.
Molecular determination of the antifungal peptide
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was conducted as described by Laemmli and Favre [33] using an 18% gel. It was performed at a constant voltage of 100 V. After electrophoresis, the gel was stained with Coomassie brilliant blue on a shaker for 1 h, and destained with 10% acetic acid overnight.
Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) was employed to determine the molecular mass of brown kidney bean antifungal peptide using an Applied Biosystems 4700 Proteomics Analyzer [34] .
The protein concentration was determined using the Bradford reagent (Bio-Rad). A serial 2-fold dilution of bovine serum albumin (from 1 to 0.016 mg/ml) was used as the standard [35] .
N-terminal sequencing
Analysis of N-terminal amino acid sequence was performed by automated Edman degradation, using a Hewlett Packard 1000A protein sequencer equipped with an HPLC system [36] .
Assay of antifungal activity Different fungi (Mycosphaerella arachidicola, Setospaeria turcica, Bipolaris maydis, Fusarium oxysporum and Valsa mali) ( provided by State Key Laboratory for Agrobiotechnology and Department of Microbiology, China Agricultural University, Beijing, China) were allowed to grow in 90 Â 15 mm petri dishes containing 10 ml potato dextrose agar. A small amount of the fungus was planted at the center of the dish. After the mycelial colony had developed, sterile blank paper disks (0.625 cm in diameter) were placed at 0.5 cm away from the rim of mycelial colony. The samples to be tested were applied onto the paper disks. The plates were incubated at room temperature overnight until mycelial growth had enveloped the disks. Reduction of mycelial growth around the disks indicates the presence of antifungal activity. Throughout the course of purification, M. arachidicola was used to detect the presence of brown kidney bean antifungal peptide [37] .
For determination of IC 50 value of the antifungal activity, different concentrations of the antifungal peptide were added into 2 ml of melted potato dextrose agar at 458C, and immediately poured into 3.3-cm petri dishes. After the agar has cooled down, the same amount of M. arachidicola was planted to the center of the dish. The plates were incubated at room temperature for 3 days. Growth inhibition of the fungus was determined by reduction in the area of the mycelial colony when compared with the control without antifungal peptide. IC 50 value is the concentration of the antifungal peptide that causes 50% reduction in the area of mycelial colony [37] .
Assay of temperature and pH stability of the antifungal peptide In the test of thermostability of the antifungal peptide, 10 mg of the peptide was dissolved in 50 ml distilled water, and was heated at different temperatures (20-1008C) for 30 min. The sample was then cooled down at 48C, and was transferred to the paper disks in the potato dextrose sugar plates with M. arachidicola for the assay of antifungal activity [38] .
In the test of pH stability, 10 mg of the peptide was dissolved in 25 ml of solutions of different pH values ( pH 0-1: 1 and 0.1 M HCl, respectively; pH 2-5: 50 mM NH 4 OAc; pH 6-10: 50 mM Tris-HCl; pH 11 -12: 50 mM NH 4 HCO 3 ; and pH 13-14: 0.1 and 1 M NaOH, respectively). The peptide solutions were incubated at room temperature for 30 min, and then neutralized by adding same amount of opposite pH solutions. The peptide solutions were transferred to the paper disks in the potato dextrose sugar plates with M. arachidicola for the assay of antifungal activity [38] .
Assay of growth inhibition at hyphal tips Mycosphaerella arachidicola was cultured in a suspension of potato dextrose solution in an orbital shaker at 378C. When OD 600 nm of the solution exceeded 1, the suspension was diluted 10-fold, and treated with 20 mM antifungal peptide, and then incubated in the orbital shaker at 378C overnight. The suspension was centrifuged, the pellet of the fungus was washed with PBS, and Congo red at a final concentration of 1 mM was added, followed by incubation at room temperature in the dark for 1 h. After staining, excess Congo red was removed by washing with PBS. The fungus was observed under a fluorescence microscope or a confocal microscope, with an excitation wavelength of 543 nm, and an emission wavelength of 560-635 nm [39] .
Results
Purification of brown kidney bean antifungal peptide Purification of brown kidney bean antifungal peptide involved three chromatographic steps (Fig. 1) . In the first step, affinity chromatography on Affi-gel blue gel, an unbound peak (fraction I) without antifungal activity was obtained. Upon elution with 1 M NaCl solution, a fraction with antifungal activity (fraction II) was collected for further purification [ Fig. 1(A) ]. In the second step, FPLC-cation exchange chromatography on a Mono S column, a NaCl gradient was applied. In the elution profile shown in Fig. 1(B) , only fraction IV demonstrated antifungal activity. It was collected for the last step of purification, FPLC-gel filtration on a Superdex 75 HR 10/300 column, and the purified antifungal peptide, fraction VI, was obtained [ Fig. 1(C) ]. From 60 g of brown kidney beans, 6.2 mg of brown kidney bean antifungal peptide could be obtained by using the purification procedure mentioned above ( Table 1) .
Molecular size determination
The SDS-PAGE results in Fig. 2 showed that the second, minor peak [fraction VII in Fig. 1(C) ] eluted contained purified brown kidney bean antifungal peptide. The band of the antifungal peptide occurred below the 14.4-kDa protein marker band. The volume of elution of the peptide from the Superdex 75 HR 10/300 column was about 17.5 ml, which also suggested that the molecular mass of Figure 1 Isolation of brown kidney bean antifungal peptide (A) Profile of elution from Affi-gel blue gel column (18 Â 5 cm). Sample: crude extract of brown kidney beans. Flow rate: 300 ml/h. Starting buffer: 10 mM Tris-HCl, pH 7.6. A large unbound peak (I) and a sharp bound peak (II) were obtained upon elution with 1 M NaCl. Antifungal activity was confined to the adsorbed fraction II (shaded region). (B) Profile of elution from FPLC-cation exchange Mono S column. Sample: fraction II collected from the Affi-gel blue gel (15 mg/ml). Flow rate: 2 ml/min. Starting buffer: 10 mM Tris-HCl, pH 7.6. A small unbound peak (III), a large bound peak (IV) that appeared upon elution with lower NaCl concentrations (0.1-0.25 M) and a small bound peak (V) that appeared upon elution with higher NaCl concentrations (0.3 -0.5 M) were obtained. Antifungal activity was detected in the first half of the fractions in peak IV (shaded region). (C) Profile of elution from FPLC-gel filtration Superdex 75 HR 10/300 column. Sample: first half of fraction IV collected from the Mono S column (10 mg/ml). Flow rate: 0.5 ml/min. Running buffer: 10 mM Tris-HCl, pH 7.6. A large major peak (VI) was eluted at about the 10th ml, while a minor peak (VII) was eluted at about the 17.5th ml. The minor peak (shaded region) contained purified brown kidney bean antifungal peptide. the peptide was ,10 kDa. To determine the molecular mass of the peptide, MALDI-TOF mass spectrometry was applied. Figure 3 showed the results of mass spectrometry of brown kidney bean antifungal peptide. The sharp peak at 5439 (m/z) indicated that the antifungal peptide was about 5.4 kDa in size.
N-terminal sequence of brown kidney bean antifungal peptide From N-terminal amino acid sequencing, the first 25 amino acids at the N-terminus of the antifungal peptide was KTCENLADTYKGPCFTTGSCDDHCK. Protein BLAST was used to search for proteins producing significant alignments in the NCBI Protein Database. The known proteins that showed the highest scores were listed in Table 2 . They included: P. vulgaris defensin D1 (PVDD1), Vigna radiata PDF1 (PDF1), Tephrosia villosa defensin (TVD), Vigna unguiculata defensin (VUD), Medicago truncatula defensin (MTD) and Vicia faba defensin-like protein (VFD). Thus, brown kidney antifungal peptide, which shared a highly homologous amino acid sequence with those defensins and defensin-like peptides, was probably a defensinlike peptide.
Antifungal activity of the antifungal peptide
Among the five fungal species tested, brown kidney bean antifungal peptide exerted significant antifungal effect on M. arachidicola, S. turcica and B. maydis (Fig. 4) . The antifungal activity toward M. arachidicola was the strongest among the three species. The IC 50 of the antifungal activity of brown kidney bean antifungal peptide against M. arachidicola was determined to be 3 mM (Fig. 5) . For the two remaining fungal species, F. oxysporum and V. mali, no significant growth inhibition was detected after treatment with the antifungal peptide (Fig. 4) . Mycosphaerella arachidicola was chosen for detection of antifungal activity during characterization of brown kidney bean antifungal peptide. In the test of thermostability and pH stability, solutions of brown kidney bean antifungal peptide were exposed to different temperatures (20-1008C) or pH ( pH 0-14) prior to testing for antifungal activity toward M. arachidicola. From 208C to 808C, full antifungal activity was retained. The antifungal activity was slightly reduced when the temperature was elevated to 908C and 1008C [ Fig. 6(A) ]. Thus, the antifungal peptide was thermostable up to 808C. On the other hand, in the pH stability test, full antifungal activity was retained from pH BKBA, brown kidney bean antifungal peptide; PVDD1, defensin D1 (P. vulgaris); PDF1, PDF1 (V. radiata); TVD, defensin (T. villosa); VUD, defensin (V. unguiculata); MTD, defensin (M. truncatula); VFD, defensin-like protein (V. faba). The right column shows percentage identity of the brown kidney bean antifungal peptide with other plant defensins.
Amino acids with highest homology among those peptides were shown in 'Consensus' row, with the capital letters indicating the conserved amino acids, and the small letters indicating the variable amino acids among them.
The amino acids of the peptides shaded in black were identical to 'Consensus'. The amino acid shaded in grey was the one in BKBA varied from 'Consensus', while those shaded in white were the ones in other defensins varied from 'Consensus'.
3 to 12. At pH 2 and 13, reduced antifungal activity was detected. Antifungal activity of the antifungal peptide vanished at pH 0, 1, and 14 [ Fig. 6(B) ]. The pH stability of the antifungal peptide was confined to the range of pH 3-12.
Growth inhibition at hyphal tips Figure 7 showed the fluorescence and confocal microscope images of M. arachidicola treated with brown kidney bean antifungal peptide upon Congo red staining. Congo red is a chitin stain. A low chitin level is present at the growing hyphal tips, since there is insufficient time for deposition of chitin. The images of the control (treated with PBS only) showed growing hyphal tips with a low level of Congo red staining, i.e. low chitin deposition. The fluorescence images of M. arachidicola treated with 20 mM brown kidney bean antifungal peptide showed increased amounts of hyphal tips with arrested growth indicated by a high level of Congo red staining (high level of chitin deposition). The confocal images showed a thickened hyphal tip with a high level of chitin deposition.
Discussion
Brown kidney bean antifungal peptide was isolated from brown kidney beans using a procedure that had been proven to work in case of other leguminous defensins. Brown kidney bean defensin resembles other defensins [40, 41] and other antifungal proteins [21, 22] in its adsorption on Affi-gel blue gel and Mono S. However, in the first step of purification of brown kidney bean antifungal peptide, addition of PMSF was needed to denature the proteases present in the beans. Otherwise, the antifungal activity of the peptide would vanish within two days. Addition of PMSF was not required in the previous purification of many other Phaseolus defensins [42 -44] .
The yield of brown kidney bean antifungal peptide (10 mg per 100 g seeds) was similar to those from the cloud bean defensin (12 mg per 100 g seeds) and white cloud bean defensin (10 mg per 100 g seeds), and higher when compared with the French bean defensin (1.12 mg per 100 g seeds) [40] [41] [42] [43] [44] . The purification fold achieved was 23.8-fold, close to that for cloud bean defensin (23.1-fold), but higher than that for French bean defensin (9.3-fold).
The first 25 amino acids at the N-terminus of brown kidney bean antifungal peptide were found to be KTCENLADTYKGPCFTTGSCDDHCK ( Table 2) . From protein BLAST, this sequence was conserved in the gamma-thionin domain. Brown kidney bean antifungal peptide was probably a member of the gamma-thionin family.
The gamma-thionin family is the group of plant defensins. Its members are small peptides with 45 -55 amino acids, with eight highly conserved cysteine residues [32] . Note that all the cysteine residues of the peptides shown in Table 2 are conserved. The cysteine residues allow formation of disulfide linkages that contribute to the tertiary structure of the peptides, which consist of one a-helix and three anti-parallel b-sheet motifs. Most plant defensins have pI values around 8-9 [32] , which allows purification of plant defensins using ion exchange chromatography: adsorption on anion exchangers (Q-Sepharose and DEAE-cellulose) and unadsorption on cation exchangers (SP-Sepharose, Mono S and CM cellulose) in neutral buffers (e.g. Tris-HCl, pH 7.6) or acidic buffers (e.g. NH 4 OAc, pH 4.6). So, purification of different plant defensins could be accomplished using similar chromatographic procedures.
The sequence exhibited a high percentage of identity toward a segment of defensin D1 from P. vulgaris (PVDD1) [45] , as well as toward other non-Phaseolus defensins or defensin-like peptides, including V. unguiculata (96%) [46] , T. villosa (96%), V. radiata (92%), M. truncatula (88%) [47] , and V. faba (79%) ( Table 2) . PVDD1 was isolated from the BAT93 seeds of P. vulgaris [45] . A part of the amino acid sequence of PVDD1 was identical to the first 25 amino acids at the N-terminus of brown kidney bean antifungal peptide, but at a different position (29th-53rd amino acids from N-terminus). It shows that different cultivars of the same plant species may produce defensins with different amino acid sequences that may exhibit different characteristics and biological potencies. In this regard, brown kidney bean antifungal peptide was compared with the antifungal peptides of other cultivars of P. vulgaris including cloud bean [40] , purple pole bean [41] , French bean [42] , white cloud bean [43] , and spotted bean [44] .
Most plant defensins have a molecular mass ranging from 5 to 9 kDa [32] . Mass spectrometry was a common method for determination of molecular sizes of small peptides like defensins [40] [41] [42] [43] . Different cultivars of P. vulgaris were found to produce defensins with different molecular masses. Brown kidney bean defensin and purple pole bean defensin have the lowest molecular mass (about 5.4 kDa). Next comes French bean defensin. White cloud bean defensin (6 kDa) and cloud bean defensin (7.3 kDa) have a larger molecular mass. Plant defensins have a similar three-dimensional structure, with an a-helix and three b-sheets held by four disulfide bonds. Thus generally plant defensins have similar physical properties, such as thermostability and pH stability. The antifungal activity of purple pole bean defensin has higher thermostability and pH stability than brown kidney bean defensin, which is stable in the temperature range 20-1008C and in the pH range 1-14 [41] . Purple pole bean defensin is stable throughout the entire pH range (0 -14) and the temperature range (0 -1008C). Defensins from both the brown kidney bean cultivar and French bean cultivar of P. vulgaris [42] have a slightly attenuated thermostability and pH stability compared with purple pole bean defensin [41] . Nevertheless, brown kidney bean antifungal peptide still has a generally high thermostability and pH stability.
Brown kidney bean defensin-like peptide exerted antifungal activity toward several fungal species including M. arachidicola, S. turcica and B. maydis. However, it was devoid of activity toward F. oxysporum and V. mali. In this aspect, it is different from the others which are active toward F. oxysporum and V. mali as well [40] [41] [42] [43] [44] .
Microscopic analysis of defensins revealed two distinct effects of antifungal activity. One type is morphogenic defensin, which causes morphological changes in the hyphae: over-branched, swollen and less elongated. The other is non-morphogenic defensin, which will not cause morphological alternations in fungal hyphae [32] . Figure 7 showed the antifungal activity of brown kidney bean antifungal peptide toward M. arachidicola upon Congo red staining. The confocal images of the control (without treatment of brown kidney bean antifungal peptide) showed typical normal growing hyphae of M. arachidicola. The thin, growing hyphae showed a low level of chitin deposited at the tip. Upon treatment with 20 mM antifungal peptide, the growth of M. arachidicola was significantly inhibited. The fluorescence images from Fig. 7(A) showed an increased amount of hyphal tips with a high level of chitin deposition. The confocal images from Fig. 7(B) showed one of the hyphae affected by the antifungal peptide. There was swelling at the hyphal tip, indicating brown kidney bean antifungal peptide to be a morphogenic defensin-like peptide. The hyphal tip also showed a high level of chitin deposition. This showed attenuated growth of the hyphal tip, providing the time for deposition of chitin at the tip.
Many reported antimicrobial proteins have been tested for hemolytic activity. Some of the cathelicidins, which together with defensins form two prominent defense proteins in humans and animals, display hemolytic activity. Synthetic analogs have been prepared in order to reduce the hemolytic activity [48, 49] and hence enhance the therapeutic potential of the antimicrobial peptides. Many of the previously reported leguminous defensins have not been assayed for hemolytic activity [40 -44] . Brown kidney bean antifungal peptide did not exhibit hemolytic activity (data not shown). In this aspect, it had lower toxicity than those hemolytic antimicrobial peptides.
In conclusion, the brown kidney bean defensin possesses the following novel features compared with other reports on bean defensins: lack of antifungal activity toward F. oxysporum, slight attenuation of pH stability and thermostability of antifungal activity toward M. arachidicola, a lower molecular mass than some of the bean defensins, and lack of anti-proliferative activity toward tumor cells such as MCF7 cells (data not shown). The aforementioned differences between brown kidney bean defensin and previously published leguminous defensins distinguish it from other leguminous defensins, even from purple pole bean defensin which originates from a different cultivar of the same species P. vulgaris. Since brown kidney bean defensin has significant antifungal activity toward several pathogenic fungi, with relatively high pH stability and thermostability, it is a potentially exploitable antifungal peptide. 
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